Background: Five-year survival after resection of colorectal cancer liver metastasis (CRLCM) is o30%. We recently found that aurora kinase A (AURKA) drives 20q gain-associated tumour progression and is associated with disease recurrence. This study evaluates the prognostic value of AURKA expression in CRCLM of patients who underwent liver resection.
others in independent study populations (Nordlinger et al, 1996; Rees et al, 2008; Yamaguchi et al, 2008) . Application of molecular imaging using 18 F-labelled fluorodeoxyglucose ( 18 FDG) PET in combination with computed tomography (CT) further reduced the proportion of futile surgeries by more than one-third (Ruers et al, 2009) . Nevertheless, only B30% of patients survive for 45 years after surgery. Considering the significant morbidity and mortality risk associated with liver resections (Leporrier et al, 2006; Ruers et al, 2009) , there is a clear need for better prognostic biomarkers.
Aurora kinase A (AURKA) is a cell cycle-regulated kinase involved in spindle formation and chromosome segregation (Lens et al, 2010) . AURKA is located on chromosome 20q, a genomic region that is frequently amplified in CRC, that has been associated with adenoma-to-carcinoma progression and that is an indicator of poor prognosis (Bischoff et al, 1998; Hermsen et al, 2002; Aust et al, 2004; Nakao et al, 2004; Postma et al, 2007; Carvalho et al, 2009; Sillars-Hardebol et al, 2010) . We recently demonstrated that AURKA, together with TPX2, drives 20q gain-associated adenomato-carcinoma progression based on the correlation of AURKA DNA copy number status to mRNA and protein expression levels combined with its functional effects on cell viability, anchorageindependent growth and invasion (Sillars-Hardebol et al, 2012) . Furthermore, we demonstrated that high protein levels of AURKA in stage III colon cancer -that is, patients with disseminated cells present in lymph nodes -were associated with increased disease recurrence (Belt et al, 2012) . These data indicate that AURKA overexpression drives malignant behaviour and imply that AURKA may be a prognostic biomarker for CRC. In the present retrospective study, we aimed to investigate whether AURKA is a prognostic molecular biomarker with added value to clinicopathological variables for CRCLM patients selected for liver resection with curative intent.
MATERIALS AND METHODS
Patient study population. Patients who underwent liver resection with curative intent, sometimes with the addition of RFA, in the seven Dutch hospitals affiliated with the DeCoDe PET group were identified by cross-referencing surgery and pathology databases using Dutch MeSH terms for 'colon', 'rectum', 'carcinoma', 'adenocarcinoma', 'colorectal neoplasms', 'liver', 'neoplasm metastasis' and '(hemi)hepatectomy'. Clinicopathological data from patients who were operated on between 1990 and 2010 were extracted from these databases. Formalin-fixed paraffin-embedded (FFPE) tissue specimens were collected from one CRCLM sample and an adjacent control liver sample. When available, also the corresponding primary tumour and adjacent control colon tissue were collected. Only specimens of patients with histologically confirmed CRCLM were included in the study, whereas tissue samples of patients with multiple primary tumours were excluded. Collection, storage and use of clinicopathological data and tissue specimens were performed in compliance with the 'Code for Proper Secondary Use of Human Tissue in The Netherlands' and approved in protocol 2011-03 of our Department of Pathology (Stichting FMWV Rotterdam, 2011) .
Tissue microarrays. A total of 21 TMAs were generated using methodology as described previously (Simon et al, 2004; Belt et al, 2011) . In brief, three tissue core biopsies of 0.6 mm in diameter were punched from morphologically representative areas of all FFPE donor blocks and transferred into TMA-recipient paraffin blocks using the 3DHISTECH TMA Master (v1.14; 3DHISTECH Ltd., Budapest, Hungary).
Evaluation of AURKA protein expression. Sections of TMAs (4 mm) were mounted on glass slides and immunohistochemically stained for AURKA (mouse monoclonal, NCL-L-AK2, Novocastra Laboratories, Newcastle, UK) as described previously (Carvalho et al, 2009) . Immunohistochemical stainings were digitally captured using the Mirax slide scanner system equipped with a Â 20 objective with a numerical aperture of 0.75 (Carl Zeiss B.V., Sliedrecht, The Netherlands) and a Sony DFW-X710 Fire Wire 1/3' type progressive SCAN IT CCD (pixel size 4.65 Â 4.65 mm). Actual scan resolution at Â 20 was 0.23 mm. Computer monitors were calibrated using the Spyder2PRO software (v1.0-16, Pantone Colorvision, Regensdorf, Switzerland). Tissue microarray core biopsies were scored for an intensity of AURKA protein expression in the nuclei of neoplastic epithelial cells (categories negative, weak, moderate, strong) using the dedicated TMA-scoring software (v1.14.25.1; 3DHISTECH Ltd.). For facilitating scoring, a chart with visual analogue scales of staining patterns was used. Tissue samples were evaluated unaware of corresponding clinicopathological information at the time of assessment. Tissue samples were independently evaluated by a second investigator in a blinded manner with high interobserver agreement (K w ¼ 0.75).
Statistical analysis. Overall survival (OS) was defined as the time in months after surgery until death in a follow-up period of 10 years. Patients were excluded from the analysis if OSp2 months, if OS or survival status were unknown or if tissue cores could not be evaluated for technical reasons (Figure 1 ). The prognostic value of AURKA expression was tested in a cross-validation procedure, repeated 500 times. In each cross-validation round the study, population was randomly subdivided into a training set (50%) and a validation set (50%). The training set was used to determine the optimal cutoff for dichotomising intensity scores into 'low AURKA' and 'high AURKA' staining intensities. This was performed using the receiver operating characteristic (ROC) curve analysis for survival data, with 3-year OS as the outcome of interest ( Heagerty et al, 2000; Heagerty and Zheng, 2005; Zlobec et al, 2007) . The optimal cutoff was defined as the point on the ROC curve, giving the smallest distance to the point (1-specificity, sensitivity) ¼ (0,1) (Supplementary Figure S1A) . Using this cutoff, AURKA intensity scores in the validation set were dichotomised, and the crude hazard rate ratio (HRR) for AURKA expression was calculated in a Cox regression analysis with OS as outcome. Additionally, established prognostic clinicopathological variables combined in the clinical risk score defined by Fong et al (1999) were included in a multivariate Cox regression analysis. The average cross-validated HRR (HRR av ) of the validation sets was calculated, and the P-value of the cross-validation procedure was defined as the percentage of average cross-validated HRR av o1. To visualise the relation between OS and AURKA expression in the total study cohort and a number of cohort subgroups, KaplanMeier curves were obtained using the most frequently selected cutoff in the training sets as the optimal cutoff and the HRR was CRC patients having had liver resection between 1990 and 2010 (n =507)
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calculated using the Cox regression analysis. The level of concordance of protein expression in primary CRC and CRCLM was calculated using the Pearson's w 2 test. All statistical tests were two-sided and executed using IBM SPSS Statistics 20.0 software (SPSS Inc., IL, USA) or R Statistics 14.0 software (RStudio Inc., Boston, MA, USA). P-values o0.05 were considered significant. All data reported were REMARK-compliant (McShane et al, 2005) .
A power calculation provided an estimate of the required size of the study population. Hazard rate ratio was the primary outcome measure for OS difference between patients with 'low AURKA' and 'high AURKA' expression. Ten-year OS of the study population was estimated as 30% and, therefore, the proportion of long-term and short-term survivors after liver resection as 30% and 70%, respectively (Leporrier et al, 2006) . Assuming similar proportions of patients with low and high AURKA expression, 227 events were required to detect an OS difference between both subgroups with an HRR of 1.5. With a follow-up period of 10 years, this required an estimated total study population of 361 patients.
RESULTS
Demographic characteristics. A study cohort of 507 consecutive CRCLM patients who underwent liver resection with curative intent was assembled. CRCLM samples were obtained from all patients, and from 234 patients the corresponding primary CRC samples were also collected. Demographic characteristics of the cohort are summarised in Table 1 . OS after liver resection is depicted in Figure 2A . The median survival of the cohort was 27 months (range, 3-212 months); 5-year OS was 41.3%. The majority of patients were male (63.1%). The median age at the time of liver resection was 64.3 years (range, 27.6-83.9 years). The primary tumour was of colonic origin in 67.0% of patients and of rectal origin in 29.8% of patients. In 3.2% of patients, the origin of the primary tumour was unknown. No positive lymph nodes were detected at the time of primary tumour resection in 30.4% of patients. Metastases presented within 12 months after diagnosis of the primary tumour in 43.6% of patients. The median number of liver metastases was 2 (range, 1-12), with a median size of 3.5 cm (range, 0.2-22.0 cm). Extrahepatic disease was present in 7.1% of patients. Chemo-and/or antibody-based therapy during the months prior to or following liver resection was received by 33.3% of patients (Supplementary Table S1 ). Additional perioperative RFA of liver metastases was performed in 21.5% of patients.
Presence of more than one liver metastasis was inversely and significantly related to OS (HRR 1.38; 95% CI 1.04-1.83; P ¼ 0.03). Positive lymph nodes at the time of primary tumour resection and presentation of metastases within 12 months after diagnosis of the primary tumour both tended to be associated with decreased OS (HRR 1.39; 95% CI 0.99-1.96; P ¼ 0.06 and HRR 1.24; 95% CI 0.93-1.66; P ¼ 0.14, respectively). Maximal diameter of the metastasis and serum CEA levels were not associated with OS (HRR 1.05; 95% CI 0.76-1.46; P ¼ 0.75 and HRR 0.94; 95% CI 0.37-2.36; P ¼ 0.90, respectively). No significant differences in OS were observed between patients having had surgery between 1990 and 1999 vs patients who were operated on after 1999 (HRR 1.09; 95% CI 0.80-1.50; P ¼ 0.58; Supplementary Figure S2 ).
AURKA expression is associated with poor prognosis. Immunohistochemical staining of AURKA expression could be evaluated for 343 patients (Figure 1) , and AURKA nuclear staining intensity of neoplastic CRCLM epithelium was scored (Figure 3 and  Supplementary Table S2 ). The cross-validated HRR av for AURKA expression was 1.57 (P ¼ 0.02; Figure 4A ), indicating a significant association between high levels of AURKA in CRCLM and decreased OS. The cutoff between the categories negative, weak and moderate on one hand and strong on the other emerged in 495% of cross-validation cycles as most optimal (Supplementary Figure S1B) . When dichotomising the total study population based on this cutoff, a difference of 16 months in the median OS was observed (HRR 1.55; 95% CI 1.11-2.17; Po0.01; Figure 2B ) between patients with low AURKA expression (median OS 51 months) and high AURKA expression (median OS 35 months). Next, a multivariate Cox regression analysis was performed to evaluate whether the prognostic value of AURKA protein expression was independent of the established prognostic clinicopathological variables, that is, primary tumour-to-liver metastasis interval p12 months, number of liver metastases 41, maximal tumour diameter 45.0 cm and lymph node positivity at the time of diagnosis of the primary tumour. The HRR av after multivariate analysis was 1.66 (P ¼ 0.02; Figure 4B ), indicating an autonomous association between AURKA expression and OS.
Prognostic value of AURKA expression in patient subgroups. Preoperative systemic therapy can affect tissue characteristics at the time of surgery and may bias immunohistochemical analysis of AURKA expression. When excluding patients who had received systemic treatment within 6 months preoperative to liver resection (n ¼ 281), results were similar to those of the total study population (HRR 1.52; 95% CI 1.03-2.23; P ¼ 0.03; Supplementary  Figure S3 ), indicating the lack of significant bias.
Next, the effects of systemic therapy regardless of administration time point (that is, pre-, peri-or postoperative to liver resection) were analysed. Overexpression of AURKA tended to be associated with poor survival, both in the subgroup of patients that did not receive systemic treatment (HRR 1.46; 95% CI 0.93-2.29; P ¼ 0.10; Figure 2C ) and in the subgroup of patients who were treated with systemic therapy (HRR 1.55; 95% CI 0.91-2.64; P ¼ 0.10; Figure 2D ). Furthermore, the prognostic value was evaluated separately for CRCLM patients whose primary tumour originated in the colon (HRR 1.63; 95% CI 1.05-2.54; P ¼ 0.03; Figure 2E ) and the rectum (HRR 1.69; 95% CI 0.98-2.91; P ¼ 0.06; Figure 2F ). Comparable results were obtained for both tumour sites.
AURKA expression in primary CRC and corresponding CRCLM. Primary CRC tissue material is more readily obtained for pathological examination than CRCLM tissue material. Therefore, we investigated whether AURKA expression in the primary tumour was correlated to expression in its corresponding liver metastasis. For 152 patients, both CRCLM and matched primary CRC tissue could be evaluated for AURKA staining intensity (Supplementary Figure S4) , revealing 63.8% concordant and 36.2% discordant pairs of intensity scores (Po0.01; Supplementary Table S3 ). Similar level of concordance was found when patients treated with systemic therapy preoperative to primary CRC resection and/or CRCLM resection were excluded from analysis, with a level of concordance of 60.4%, and 39.6% disconcordant pairs (Po0.01; Supplementary Table S4) .
DISCUSSION
Our data demonstrate that high expression of AURKA in liver metastases of CRC patients who underwent liver resection was associated with poor survival (HRR 1.55; Po0.01), which was validated in a 500-fold cross-validation procedure (HRR av 1.57; P ¼ 0.02). The difference in the median OS time between patients with high-vs low AURKA-expressing CRCLM was 16 months. This difference in the median OS time is substantial, considering a median survival after liver resection of 27 months in our total study population. Multivariate analysis revealed that the prognostic value of AURKA expression was independent of prognostic clinicopathological variables, such as presence of more than one liver metastasis, positive lymph nodes at time of primary tumour resection, maximal CRCLM diameter 45 cm and presentation of metastases within 12 months after diagnosis of the primary tumour. (Fong et al, 1999) .
The CRCLM cohort used for the current study lacked prognostic value for two established clinicopathological risk factors -that is, liver metastasis diameter 45.0 cm and serum CEA 4200 ng ml À 1 . Some prognostic effects for liver metastasis diameter 45.0 cm could be observed in our study population within 30 months follow-up after liver resection (HRR 1.48; 95% CI 0.99-2.20; P ¼ 0.06), an effect that diminished when considering a longer follow-up period of 10 years. For CEA serum levels, data availability was limited (n ¼ 179) and the number of patients that exceeded the preset threshold of serum CEA levels 4200 ng ml À 1 within this group was small (n ¼ 13). Therefore, we excluded this variable from the multivariate analysis. Resection margin status and presence of extrahepatic metastases are two additional clinicopathological prognostic variables regularly used in clinical practice. On resection margin status, no data were available for current study population; hence, this parameter could not be included in the multivariate analysis. Including presence of extrahepatic metastases as additional prognostic variable in the multivariate Cox regression analysis merely altered the average HRR (HRR av 1.61; P ¼ 0.02).
The OS of patients having had liver resection in the period from 2000 to 2010 was not improved compared with patients operated Figure 2 . (A) Kaplan-Meier graph depicting OS in months of the total study population. (B-F) Kaplan-Meier graphs depicting OS in months stratified by intensity of AURKA expression in hepatic metastases (B) of the total population, (C) of patients in whom liver metastases were not treated with systemic therapy (n ¼ 206), (D) of patients in whom liver metastases were treated with systemic therapy (n ¼ 124), (E) originating from colon cancer (n ¼ 224) and (F) originating from rectal cancer (n ¼ 112). Information of systemic therapy was unavailable for n ¼ 13 patients. Origin of primary tumour (colon or rectum) was unkown for n ¼ 7 patients.
on in the period from 1990 to 2000 (Supplementary Figure S2) . This observation was somewhat unexpected, although could be explained by an increase in patients having been operated on since 2000 who presented with affected lymph nodes (P ¼ 0.05) and/or extrahepatic metastases (P ¼ 0.04). Although a clinical risk score is a useful and easily applicable method to select patients for liver resection, it is insufficient to represent the complexity of CRC biology. Molecular biomarkers have the potential to reveal differences in biological behaviour among apparently similar tumour samples. They are indicators of changes in cancer-related biological processes, such as proliferation, differentiation, invasion and angiogenesis, because of their direct or indirect involvement in these processes. AURKA has been described to function in proliferation, chromosomal instability, anchorage-independent growth and invasion (Lee et al, 2008; Wang et al, 2009; Moore et al, 2010; Zhang et al, 2011; Sillars-Hardebol et al, 2012) . Importantly, changes in AURKA expression appear to cause rather than to follow differences in these biological processes, implying that AURKA is a driver rather than a passenger of tumour progression and thereby a direct indicator of tumour biology (Sillars-Hardebol et al, 2012) . The present study demonstrates that differences in AURKA protein expression in CRCLM are also associated with clinical consequences -that is, overall survival, analogous to our previously observed association with disease recurrence in stage III colon cancer patients (Belt et al, 2012) . The causal relationship between AURKA overexpression and tumour progression, and its association with reduced patient survival in different CRC stages, may explain why AURKA is a strong and independent prognostic biomarker for CRC. Similar to our observations, association of high AURKA protein expression with poor survival has been reported for stage III CRC (Lam et al, 2008) and for triple-negative breast cancer (Xu et al, 2013) . However, no such association was found in another study of AURKA protein expression in stage-I-to stage-IV CRC samples (Baba et al, 2009 ). In addition, contradictory findings have been reported by studies that determined AURKA DNA copy number status, one indicating association with tumour progression (Zhang et al, 2010) and another association with prolonged survival (Dotan et al, 2012) . Differences among these and our studies may be explained by variation in size and composition of patient cohorts, methodology and reagents to determine AURKA expression levels as well as methodology to determine its cutoff values for low vs high expression.
The primary tumour of CRCLM is located in either the colon or the rectum, the two organs that are often combined for experimental analyses. Although adenocarcinomas of colon and rectum are hardly distinguishable at the genomic level, it remains debatable whether colon and rectal cancers should be considered as one or two distinct entities (Frattini et al, 2004; Cancer Genome Atlas Network, 2012) . Our data demonstrated prognostic value of AURKA expression in CRCLM, irrespective of the intestinal origin of the primary tumour ( Figure 2E and F) -that is, colon or rectum -which renders AURKA a candidate biomarker for both colon and rectal cancer patients. Next, we examined whether the expression of AURKA in CRCLM was correlated to its expression in the corresponding patient-matched primary tumour, as molecular alterations that are acquired during early stages of tumour development are likely to be present in the metastases (Stange et al, 2010; Knijn et al, 2011) . Conform our expectations, a significant correlation was found (Po0.01), indicating that the level of AURKA expression in CRCLM is to a certain extent predetermined by molecular alterations in the primary tumour. Although this correlation suggests that one may predict the level of AURKA expression in CRCLM based on analysis of its corresponding primary tumour, for example, when CRCLM specimens are not (yet) available, it should be noted that AURKA expression was concordant in only 63.8% of CRC-CRCLM pairs. In addition to principally curative liver resection, about onethird of all patients also received chemotherapy, sometimes combined with antibody-based systemic therapy. Commonly used chemotherapeutic agents, such as Fluorouracil (5-FU) or its prodrug Capecitabine target mitosis, are one of the hallmarks of cancer cells. As AURKA is involved in spindle formation and chromosome segregation, we hypothesised that treatment with antiproliferative agents might influence its prognostic value as determined in this retrospective study. This turned out not to be the case, as similar prognostic effects of AURKA were observed for the groups of patients who did and did not receive systemic treatment ( Figure 2C and D) . One explanation may be that the biological effects of AURKA are not restricted to a role in proliferation. In vitro studies demonstrated that AURKA activation can switch cells from a pro-to an anti-apoptotic transcriptional programme through the regulation of mRNA splicing (Moore et al, 2010) , suggesting that AURKA is a master regulator that affects the function of many genes. Other studies showed that AURKA affects anchorage-independent growth and invasion, properties that match characteristics that are essential for malignant metastasising cells and therefore may highly influence OS (Zhang et al, 2011; Ratushny et al, 2012; SillarsHardebol et al, 2012) . As such, although targeting mitosis is currently being challenged as a flawed rationale to treat cancer (Komlodi-Pasztor et al, 2012) , targeting of AURKA kinase activity may affect cancer-driving properties other than proliferation.
Several small molecule inhibitors have been developed specifically inhibiting AURKA rather than the other aurora kinase isoforms. These inhibitors have demonstrated anticancer activity in various preclinical cancer models and some have entered clinical trials (Katayama and Sen, 2010; Lens et al, 2010; Cervantes et al, 2012) . Our data suggest that targeted treatment of CRC patients with AURKA inhibitors may improve OS, provided that within a given tumour AURKA functions as a driver of the carcinogenic process rather than as a passenger of the mitotic machinery. Further research is required to establish and validate the potential of AURKA as a molecular biomarker to predict patient responsiveness to AURKA inhibitors -for example, at the DNA level through determination of chromosome 20q AURKA amplification or at the protein level using immunohistochemical evaluation of tumour tissue. Alternatively, AURKA inhibitors may be used for the development of novel PET tracers to directly visualise and quantify AURKA as a molecular drug target within a given patient in vivo and to monitor efficiency of treatment. Therefore, we conclude that AURKA expression can serve both as a promising prognostic and potentially also as a predictive biomarker for CRC, which fits current trends towards personalised medicine.
